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4 Summary and Conclusion 
Recently, many researchers are attracted by a new type of systems where the conduction band and 
the valence band stick together at a certain point in the Brillouin zone. Such kinds of 3D gapless 
systems are called Dirac semimetals or Weyl semimetals. Weyl semimetal has more than two 
band-touching points (Weyl points), the electronic structure around the band-touching points is 
described by 2 × 2 Weyl Hamiltonian. In the Dirac semimetal, on the other hand, a pair of the 
Weyl-point happen to merge at a single momentum, around which the electronic states are 
described by 4 × 4 Dirac Hamiltonian. It is known that Dirac semimetal emerges when a system has 
both the spacial-inversion (I) symmetry and the time-reversal (T) symmetry, and the Weyl 
semimetals is obtained by breaking either of I and T symmetry. Emergence of the Weyl semimetal 
phase by breaking I symmetry was discussed in the research on phase transition of topological 
insulator, and the Weyl semimetal by breaking T symmetry was also discussed in iridium oxide 
materials. The Weyl semimetal phase by breaking T symmetry was also discussed in a relatively 
simple model which is composed of a superlattice structure of topological insulator and normal 
insulator. Motivated by these theoretical proposals, the enormous experimental effort has been put 
in searching for candidate materials. The Dirac semimetal phase was recently found in Cd3As2 and 
NaBi3 and Weyl semimetal was in TaAs, NbP and TaP.  
One of important features of Weyl semimetal is existence of topological surface states. The Weyl 
semimetal can be regarded as a collection of topological / trivial 2D systems on xy-plane 
parameterized by the momentum pz. In this particular case, the energy gap is closed at certain 
momenta pz = ±p0 and the system is the quantum Hall insulator in the region of −p0 < pz < p0 
while normal trivial insulator outside. Since the edge states appear only in the quantum Hall phase, 
the left and right edge (surface) state bands emerge in −p0 < pz < p0 so as to connect a pair of bulk 
linear bands around the point nodes. Consequently, the equi-energy line of the surface band does 
not close in itself but bridges the two bulk bands. This is called Fermi arc. The Fermi arc was 
directly observed by the angle resolved photo emission spectroscopy in various materials.  
We studied the electronic transport in single-node disordered Weyl electron systems. At the Weyl 
point, the Fermi surface becomes a point, so that the semiclassical Boltzmann transport theory fails 
and we have to incorporate the level broadening effect appropriately. We use a self-consistent Born 
approximation which is one of the theoretical methods to treat the level broadening effect. In the 
Weyl electron system, specific form of the impurity potential crucially affect the behavior of the 
conductivity, so that we considered two types of the long-range potentials, the Gaussian and 
Coulomb potential. In the Gaussian case, we found that there is a critical disorder strength, and the 
behavior is significantly different between the weak disorder regime and the strong disorder regime. 
At the Weyl point, the conductivity vanishes in the weak disorder, but the conductivity has a finite 
value and increases with the increase of disorder strength in the strong disorder. In a finite Fermi  
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energy, the conductivity is well approximated by the Boltzmann conductivity and exhibits usual 
metallic behavior, but once the level broadening exceeds the Fermi energy the conductivity exhibits 
unusual metallic behavior and increases with the increase of disorder strength. In the Coulomb 
case, on the other hand, there is no critical behavior, and the minimum conductivity is almost 
independent of the effective fine structure constant which characterize the disorder strength. We 
discussed a condition for the existence of the critical behavior, and found that the certain criteria for 
the existence of the critical behavior for a general screened impurity potential.  
We studied the magneto-transport in a Weyl semimetal. In the presence of the magnetic field, the 
linear energy band is quantized into the Landau levels dispersing to the direction parallel to the 
magnetic field. One of the characteristic feature of the Weyl semimetal is the existence of the chiral 
0th Landau level. Applying the electric field parallel to the magnetic field, we observe negative 
magneto-resistance which is related to the chiral anomaly. This is because each 0th mode is relaxed 
only by the inter-valley scattering which is suppressed for a smooth potential. Here, we calculated 
the magneto conductivity of the Weyl semimetal with and without surface-boundary. The 
conductivity without surface is independent of the magnetic field. The conductivity increases 
exponentially with the increase of potential range. This is because the inter-valley scattering rate is 
exponentially small. The conductivity with surface, on the other hand, is proportional to the 
magnetic field in a super-linear manner and increases in a power function of the potential range. 
This difference comes from the contribution of the surface states. In condition that the potential- 
range is sufficiently large to prohibit the inter-valley scattering, there is a scattering process 
through the surface states. As a result, the conductivity increases rather like a exponential function 
than a power function as a function of the potential range.  
                                  
論文審査の結果の要旨 
 
ワイル半金属は、通常の金属とは全く異なる性質を持つ新しい固体物質であり、近年 TaAs 等の化合
物で実現されて以降、急速に注目される系の一つである。ワイル半金属は、３次元線形分散を持つバル
ク状態と、表面に局在した表面状態という全く異なる性質を持つ電子が共存した系である。これらがも
たらす量子輸送現象はいまだ多くの部分が明らかになっておらず、その研究は端緒についたばかりであ
る。大湊友也提出の博士論文は、３次元線形分散と表面状態という２つの観点より、ワイル半金属の電
気伝導の性質を理論的に明らかにしたものである。本論文は大きく分けて２つの内容より構成される。 
 
第一に、３次元線形分散を持つ電子系の不純物下での電気伝導を自己無撞着ボルン近似（SCBA）と呼
ばれる理論手法で計算した。３次元線形分散を持つ電子系の従来の研究では、最も単純な短距離型不純
物を仮定していたが、ここでは初めてガウス型・クーロン型というより現実に近い長距離型不純物の下
において電気伝導を計算した。結果、不純物強度に依る金属・半金属転移の有無や、電気伝導度そのも
のの値が不純物の種類によって大きく異なる振る舞いを示すことが明らかになった。すなわちワイル半
金属の電気伝導において、不純物の具体的な形状が重要であることを初めて示した。 
 
第二に、磁場と電場共存の下での磁気伝導度における表面状態の効果を明らかにした。ワイル半金属
では、磁場と電場が平行に印加されると電気伝導度が増加することが予言されている。これは
「Adler-Bell-Jackiw anomaly」として知られる量子異常の直接的効果として古くから興味が持たれて
きた問題であり、特に近年ワイル半金属となる物質が実現されて以降、磁気伝導度の問題は詳しく調べ
られるようになった。しかしこれまでの理論研究はバルク、すなわち無限系に対する解析であり、ワイ
ル半金属の大きな特徴である表面状態は考慮に入れられてこなかった。ここでは表面のある有限幅を持
った系に対して、磁場・電場平行印可の下での電気伝導度をボルツマン輸送方程式を用いて初めて計算
した。その結果、表面状態はそのバルクの伝導電子の散乱過程において決定的な役割を果たしており、
表面を考慮した時としない時（周期境界条件）で全く異なる電気伝導度を与えることがわかった。この
違いは系の大きさがマクロなサイズでも顕著にあらわれ、すなわち表面状態の効果が本質的に重要であ
ることが明らかにされた。 
 
これらの研究は、ワイル半金属の量子輸送現象に対する基本理論として学問的に高く評価され、自立
した研究活動を行うに足る高度の研究能力と学識を有することを示した。よって大湊友也提出の論文は
博士（理学）の学位論文として合格と認める。 
